Thin diamond foils are needed in many particle accelerator experiments regarding nuclear and atomic physics, as well as in some interdisciplinary research. Particularly, nanodiamond texture is attractive for this purpose as it possesses a unique combination of diamond properties such as high thermal conductivity, mechanical strength and high radiation hardness; therefore, it is a potential material for energetic ion beam stripper foils. At the ORNL Spallation Neutron Source (SNS), the installed set of foils must be able to survive a nominal five-month operation period, without the need for unscheduled costly shutdowns and repairs. Thus, a single nanodiamond foil about the size of a postage stamp is critical to the entire operation of SNS and similar sources in U.S. laboratories and around the world. We are investigating nanocrystalline, polycrystalline and their admixture films fabricated using a hot filament chemical vapor deposition (HFCVD) system for H -stripping to support the SNS at Oak Ridge National Laboratory. Here we discuss optimization of process variables such as substrate temperature, process gas ratio of H2/Ar/CH4, substrate to filament distance, filament temperature, carburization conditions, and filament geometry to achieve high purity diamond foils on patterned silicon substrates with manageable intrinsic and thermal stresses so that they can be released as free standing foils without curling. An in situ laser reflectance interferometry tool (LRI) is used for monitoring the growth characteristics of the diamond thin film materials. The optimization process has yielded free standing foils with no pinholes. The sp 3 /sp 2 bonds are controlled to optimize electrical resistivity to reduce the possibility of surface charging of the foils. The integrated LRI and HFCVD process provides real time information on the growth of films and can quickly illustrate growth features and control over film thickness. The results are discussed in the light of development of nanodiamond foils that will be able to withstand a few MW proton beam and hopefully will be able to be used after possible future upgrades to the SNS to greater than a 3MW beam.
INTRODUCTION
The Spallation Neutron Source (SNS) is an accelerator-based neutron source facility that provides the most intense pulsed neutron beams in the world for scientific research and industrial development [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The heart of the spallation process is to generate neutrons which begin with negatively charged hydrogen ions that are produced by an ion source. Each ion consists of a proton orbited by two electrons. The ions are injected into a linear particle accelerator, or linac, which accelerates them to very high energies (eventually to 90% the speed of light). The ions pass through a foil, which strips off each ion's two electrons, converting it to a proton. The protons pass into a ring-shaped structure, a proton accumulator ring, where they spin around at very high speeds and accumulate in "bunches." Each bunch of protons is released from the ring as a pulse, at a rate of 60 Hz. The high-energy proton pulses strike a target of liquid mercury, where spallation occurs. The spalled neutrons are then slowed down in a moderator and guided through beam lines to areas containing special instruments where they are used in a wide variety of experiments.
The charge-exchange injection section in the accumulator ring, which strips the H -beam to H + , requires a stripper foil 350 µg/cm 2 thick (equivalent to 1 m thick), 17 mm wide, at least 20 mm long, free standing, and can only be supported from the top edge. The foil will get very hot (~ 1500-2000 K) due to the 1.4MW, 1 GeV, 60 Hz H -beam that passes through the foil, in addition to the 7-10 foil traversals due to the circulating proton beam. The SNS may be upgraded to 3MW beam power in the future, and even greater foil challenges are anticipated.
Currently, the charge-exchange injection is accomplished using a carbon stripper foil. The thickness of the foil represents a balance between the amounts of partially stripped beam, foil heating caused by an increasing energy deposition with increasing foil thickness, and beam loss in the ring caused by foil interactions with the circulating beam. The charge-exchange stripper foils must survive high temperatures during routine operations, and thus foil lifetime is a serious concern. Repeated foil hits by circulating protons cause excessive heating and radiation damage of the stripper foil, and thus limit the lifetime of the foil.
We are developing diamond based stripping foils as diamond has a very strong lattice and is capable of handling energetic radiation [6] . There are several reports on the use of polycrystalline diamond foils for the H -stripping application [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . They are found to be very rough and contain mechanical stresses. Their failure rate is very high. New forms of diamond that is nanodiamond or diamond films with mixed gain size with slightly higher sp 2 content at the grain boundaries are projected to be superior for this application. The primary reason for this is due to substantial sp 2 content at the grain boundaries that can function as a mechanical stress relieving agent in the foil; thus diamond foils with fine grains are critical for this application. This morphology can maintain flexural strength of freestanding nanodiamond foils; the electrical conducting sp 2 bond network can also be helpful to discharge built-up charges in the nanodiamond foil during the radiation process. Also, stripping efficiency of a nanodiamond can be larger than a carbon foil of the same thickness. The nanodiamond can withstand higher power density and high temperatures and it will be mechanically stronger than carbon foils.
EXPERIMENT
Films were grown on (100) silicon wafers treated with nanodiamond slurry in an ultrasonic bath. Films were than grown using hot filament chemical vapor deposition (HFCVD). Figure 1 is of the Blue Wave HFCVD. The HFCVD process used 10 tungsten filaments (filament temperature 2300-2350 °C) with a diameter of 0.25 mm. The typical HFCVD gas parameters were 2 sccm of CH4, 50 sccm of H2, and 50 sccm of Ar. The substrate temperature was 650 °C, and the substrate rotated at10 rpm. The films were grown on silicon substrates with surface lithographic patterns to yield corrugated foils. The corrugations are trapezoidal with a parallel line density of 100 lines per inch. The trench depth was about 5 m. Prior to deposition, substrates were treated in an ultrasonic bath in nanodiamond solution for 30 minutes and then cleaned using methanol. The films are grown to be 1 m thick that corresponds to about 350µg/cm 2 . The thickness is monitored in situ by use of a Blue Wave developed laser reflectance interferometer, LRI. The substrates are weighed before and after deposition to determine the total amount of material deposited. Surface morphology was also studied using scanning electron microscopy. The final preparation of the samples was partial chemical removal of the silicon substrate, leaving a 15 mm silicon sample handle, with the remaining material as a free standing nanodiamond foil.
DISCUSSION
The objective of our research is to investigate admixture of nano and microcrystalline advanced material foil product with minimum mechanical and thermal stresses in order to fabricate free standing films with high yields and improved lifetime and improved mechanical integrity. The goal of this research is to grow large area nanodiamond foils with controlled thickness using chemical vapor deposition.
The process parameter for fabricating nano, micro and admixture of diamond films accounted for thermal and intrinsic stress management in order to fabricate released diamond films such that the thin film foil will stand free with minimal curling during beam irradiation. The overall goal is to develop the process in order to enhance the film uniformity and longevity (life time) of the free standing diamond films for H -stripping experiments and improve the foil mechanical integrity. The optimization process is such that pinhole free foils can be produced.
The key for developing free standing long lifetime foils is to grow a nanodiamond film with suitable sp 2 compensated bonds in a sp 3 matrix. Nanodiamond films with adequate sp 2 content can be grown in HFCVD with H2/Ar chemistry [11] . The role of Ar gas was to suppress a higher rate of etching the graphitic content and support re-nucleation of the diamond phase. Pinhole free films are also possible with use of nanodiamond seeding in an ultrasonic bath as opposed to mechanical abrasion using diamond seeds. Figure 2 shows the difference between nanodiamond and polydiamond grain sizes as determined using SEM. Note that the major difference is in the deposition conditions and seeding process. Table I describes polydiamond growth conditions and nanodiamond growth conditions. Analysis of the grain size of our films using high resolution transmission electron microscopy is underway. At the present juncture we estimate grain size of on the order of 30-50 nm from SEM studies. Figure 3 shows the Raman spectrum of different types of diamond films. These distinct Raman signatures allow for analysis of the type of film grown. The growth optimization clearly allows distinct phase formation of microcystalline, nanodiamond, DLC, and CNT/graphite phases.
A laser reflectance interferometer was used for in situ monitoring of film thickness. By knowing the wavelength of the laser and by knowing the refractive index of the film, growth rate and film thickness can be determined. This helps to monitor accurately the targeted 350 g/cm 3 thickness of nanodiamond foil to be manufactured for spallation neutron source. Figure 4 shows the laser reflectance for nanodiamond and polydiamond. The surface roughness of nanodiamond and polydiamond are well distinguishable in the LRI to determine the type of film growth. Nanodiamond has a more reflective surface and shows a large amplitude difference between the peaks and valleys which is an indication of flat surfaces, a typical characteristic of nanodiamond growth. From the LRI oscillation pattern, it was possible to in situ control 1 m film thickness corresponding to about 350 g/cm 2 of nanodiamond in the foil product. Each oscillation corresponds to 131 nm based on the refractive index of nanodiamond (2.40).
The stripper foil product shown in Fig. 6 will be used at the Spallation Neutron Source where it will be mounted at the entrance to an accumulation ring to strip accelerated (1 GeV) H -particles to protons. As there are only a limited number of stations on the foil mount/changer and the loaded complement of ten foils must survive a typically 6-month neuron production campaign without an unscheduled accelerator shutdown to load additional foils, a long high- temperature lifetime and mechanical stability (minimal curling due to stress relief) are both critical for foil successful performance. In order to work as a foil in the SNS the nanodiamond material must be free standing, have uniform thickness, and have a 17 mm x 45 mm area. A diagram of the dimensions of the foil is shown in figure 5 . Figure 6 shows a completed nanodiamond foil with the silicon substrate removed and the foil attached to a mounting bracket. 
CONCLUSIONS
Blue Wave Semiconductors is developing nanodiamond foils for the high intensity Spallation Neutron Source at Oak Ridge National Laboratory. The Blue Wave Hot Filament Chemical Vapor Deposition reactor has been used to grow free-standing, flat, and 350 g/cm 2 (i.e. 1 m thick) foils as large as 17 x 35mm. Process parameters were optimized for controlling the content of sp 3 and sp 2 bonding in the films in order to manage intrinsic and extrinsic stresses and required electrically conductivity to discharge built-up charges in the free standing foil. Using LRI integrated HFCVD; we correlated several important growth parameters of poly and nanodiamond films, including the seeding process. Our LRI results clearly indicated that the seeding procedure and H2/Ar ratio strongly affect the initial growth stages of diamond film through the early onset of oscillations. SEM measurements were conducted to confirm the in situ film thickness measurements using LRI. The process parameters are also optimized for thermal and intrinsic stress management to fabricate freestanding thin foils with minimal curling during Figure 4 . LRI of nano and poly-diamond after removal of the substrate. Ruptures in a very short time from thickening, twisting, and shrinkage have been eliminated by the use of nanodiamond foils grown on a corrugated patterned substrate. Future studies are underway to explore additional two-dimensional corrugation patterns, to compare nano-and microtextured foils, test foils in higher energy beams, and to identify means to extend foil lifetimes. It is expected that these diamond foils will be able to offer a higher increase in expected lifetime compared to traditional carbon foils. Using our approach, nanodiamond foil product is under development.
